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Abstract: There are considerable reserves of low-grade solid potash resources in the shallow part of
Mahai Salt Lake in the Qaidam Basin, and the lithium brine resources resulting from solid–liquid
conversion and mining are quite abundant. The comprehensive utilization of these resources is an
important and urgent problem. In this study, to fully utilize these resources, the shallow low-grade
solid potash ore in Mahai Salt Lake was used for systematic simulated ore dissolution experiments,
combined with geochemical and X-ray diffraction analyses. The following key results were obtained:
(1) Most Li+ in the Mahai mining area was deposited on the soluble salt minerals in silt or clay, and
the appropriate concentration of solvent can help to dissolve more Li+ and K+; (2) the saturation time
of Li+ was longer than that of K+. Therefore, the dissolution time for the mine can be appropriately
extended during the production process to dissolve more Li+; (3) the solid–liquid conversion aqueous
solution mining method can separate the lithium part of clay deposits and is associated with salt rock
in the brine, which is a potential lithium resource. These experimental results provide a theoretical
basis for salt pan production.

Keywords: Qaidam Basin; Mahai Salt Lake; lithium brine; ore dissolution simulation; salt minerals

1. Introduction

Lithium is the lightest metal in nature, with high melting and boiling points, a low
density and hardness, and substantial strategic value. With the rapid development of
the new energy industry and the wide application of lithium batteries [1–5], the global
demand for lithium resources is increasing rapidly. Demand for lithium resources in China
is expected to exceed one million tons in the next 10 years [6]. Scholars have recovered
lithium from waste lithium-ion batteries with promising results [7]. Lithium has become a
new and strategic energy storage metal [8–10]; accordingly, it is called “white oil”, “energy
metal”, or “high-energy metal” [11–13]. At present, lithium resources mainly exist in the
form of solid lithium ore and liquid lithium resources in salt lake brine. Lithium extracted
from salt lake brine accounts for 75% of the world’s lithium production [14–16] and involves
lower energy consumption and costs than those of ore lithium. With the increasing demand
for lithium resources, the exploration of lithium in deep underground brines in petroliferous
basins has attracted increasing attention [17–20]. However, compared with modern shallow
salt lake brine mines, the exploration and exploitation of deep salt lake brine faces many
challenges, and improving the utilization efficiency of shallow salt lake resources is still a
topic worthy of further study.

We have found that in the solid–liquid separation process for mining low-grade solid
potassium ore in the shallow part of Mahai Salt Lake in Qaidam Basin, Qinghai province,
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the content of dissolved lithium in brine can reach 20 mg/L. If this associated resource is
used efficiently, it can produce significant economic benefits. In particular, in the case of
continuous large-scale water-soluble mining, the decline in lithium is not as pronounced
as that of potassium; therefore, this source of lithium is worth investigating. In this study,
we collected samples of low-grade solid potassium ore from the Mahai mining area and
performed laboratory solid–liquid separation experiments to address this issue and provide
a basis for the better utilization of the associated lithium resources in potassium ore.

2. Geological Setting

Qaidam Basin is located in the northeast of the Qinghai-Tibet Plateau, in the “high
mountains and deep basin” tectonic landform [21–23]. It has experienced many tectonic
movements and magmatic activity, with a complex geological structure and rich sedimen-
tary rocks [24,25], as a multi-stage sedimentary basin. There are more than 30 salt lakes
of different sizes distributed in the basin [26,27]. The Mahai Salt Lake is located in the
Saishiteng Depression of the fault block on the northern margin of the Qaidam Basin [28,29]
(Figure 1) [30,31]. It is a closed basin in the NW–SE direction that has gradually separated
from the unified Qaidam Basin under the background of regional uplift tectonic dynamics
on the Tibetan Plateau [32–34]. It includes approximately 300 m-thick Quaternary lacus-
trine clastic deposits and chemic deposits. Relatively thick impact clastic deposits were
formed in the peripheral areas in front of Saishiteng Mountain, representing a typical
continental salt lake [31,35,36]. The Mahai mining area is a quaternary salt lake deposit
with the coexistence of solid and liquid ores, rich and poor ores, potassium, magnesium,
sodium, and other components [37,38]. The underground intercrystalline brine of chemical
rocks is distributed in the area, and its hydrochemical composition is mainly K+, Na+,
Ca2+, Mg2+, Cl−, SO4

2− [39], with a salinity of 231.10~367.20 g/L. After nearly 10 years of
liquefaction mining, the regional content (KCl content) of the Holocene solid potassium
ore in the northern part of Mahai Salt Lake has been reduced to 2%, resulting in a typical
low-grade solid potassium ore [40].
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3. Sample Handling and Experimental Methods
3.1. Sample Handling

The experimental samples were selected from low-grade solid potassium ore in the
shallow part of the Mahai mining area. The Li+ content in the sample was 6 µg/g. Before
the experiment, the samples were transported back to the laboratory and were fully mixed
to avoid an uneven distribution of halite and clay, which would affect the experimental
results. Part of the sample was divided into clean halite and clay (mixed samples of clay
and fine-grained halite) with an 80-mesh sieve, thus yielding three groups of samples: clay
+ halite, clay, and relatively clean halite (Figure 2). The above three samples are referred to
as samples 1, 2, and 3.
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(b). clay (sample 2); (c). relatively clean halite (sample 3)).

3.2. Experimental Methods
3.2.1. Solvent Configuration

Three types of solvents were prepared for this experiment: deionized water, 10 degrees
baumé, and 20 degrees baumé. The solvent density for 10 degrees baumé was 1.08 g/L, the
solvent was composed of Na+, Mg2+, Cl− and SO4

2− at 4.50 × 104 µg/L, 0.054 × 104 µg/L,
6.87 × 104 µg/L, and 0.271 × 104 µg/L, respectively. For 20 degrees baumé, the density was
1.16 g/mL, and the solvent was composed of K+, Na+, Mg2+, Cl−, and SO4

2− at concentra-
tions of 0.105 × 104 µg/ mL, 8.71 × 104 µg/ mL, 0.401 × 104 µg/mL, 14.1 × 104 µg/ mL,
and 0.812 × 104 µg/mL, respectively. The solvent configurations for 10 and 20 degrees
baumé were primarily based on the actual brine composition in the mining area.

3.2.2. Experimental Process

To dry clean 500 mL beakers, approximately 200 mL of solid sample 1 was added, and
then deionized water or a solution with 10 or 20 degrees baumé was added to 400 mL. The
container was sealed with plastic wrap to prevent the evaporation loss of the dissolved
liquid from affecting the experimental results. Finally, the beaker containing the solid
sample and solvent was placed in a constant temperature and humidity chamber (15 ◦C
and 20% relative humidity). The methods for samples 2 and 3 were consistent with those
for sample 1. At reaction times of 6, 30, 54, 78, 102, 126, 150, 174, 246, 534, 558, 630, 726, 894,
and 1158 h, samples from each experimental device were analyzed.

The ore dissolution experiments were conducted at the Key Laboratory of Mineraliza-
tion and Resource Evaluation of the Ministry of Natural Resources, Institute of Mineral
Resources, Chinese Academy of Geological Sciences, China. The experimental instrument
was a constant temperature and humidity chamber (model CTHI-250, Stauke Instrument &
Equipment Co., Ltd., Shanghai, China). A chemical composition analysis of the samples
was performed at the Atomic Absorption Laboratory of the Institute of Mineral Resources,
Chinese Academy of Geological Sciences. Inductively coupled plasma-optical emission
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spectrometry (ICP-OES) was used for analyses with a SPECTRO ARCOS SOP (Kleve, Ger-
many). The plasma power was 1400 W, the cooling gas flow was 14 L/min, the auxiliary
gas flow was 0.8 L/min, the atomizing gas flow was 0.8 L/min, and the pump speed was
30 r/min.

A powder X-ray crystal diffraction analysis was performed at the Institute of Mineral
Resources, Chinese Academy of Geological Sciences, using a Bruker D8 Discover instrument
(Billerica, MA, USA). Solid ore samples crushed to 200 mesh were placed in a sample tank
at a depth of 2 mm and scanned using an X-ray diffraction analyzer after compaction. The
X-ray light source was a copper target operated at 40 kV and 40 mA, the detector was
continuous, each scanning time was 0.3 s, and the scanning step length was 0.02◦.

4. Experimental Results

(1) Before the ore dissolution experiment, samples 1, 2, and 3 were analyzed by X-ray
diffraction. The X-ray diffraction results for halite, halogenite, gypsum, chlorite, albite,
quartz, kaolinite, and illite are listed in Table 1.

Table 1. X-ray powder diffraction results of three solid ore samples before dissolution /%.

The Name of The Sample ID Halite Polyhalite Gypsum Chlorite Albite Quartz Kaolinite Illite

sample 1 77% 2% 11% 2% 8%
sample 2 9% 8% 40% 2% 14% 6% 5% 16%
sample 3 94% 6%

(2) Prior to the ore dissolution experiment, samples 1, 2, and 3 were dissolved in
water and the total solution. The water-soluble solvent was deionized water, and the total
soluble solvents were prepared using nitric and hydrofluoric acids. The composition of the
dissolved liquid was analyzed, and the results are listed in Table 2.

Table 2. The results of water solubility and total solution of three solid ore samples.

Element (µg/g)

Sample Water-Soluble Total Solution

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3

Li+ 1.40 3.20 0.40 6.00 26.00 2.00

K+ 1516.60 2080.10 371.20 3353.00 11445.00 1202.00

(3) A total of 135 leaching fluids collected during the ore dissolution experiment were
tested, and the experimental results are listed in Table 3 and Figure 3:

1⃝ In the three beakers with deionized water as a solvent (Figure 3a,d), in the so-
lution with sample 1 as the solid ore sample, the lowest concentrations of Li+ and K+

were 0.12 mg/L and 227.76 mg/L and the highest concentrations were 1.12 mg/L and
1090.76 mg/L, respectively. In the solution with solid ore sample 2, the lowest concen-
trations of Li+ and K+ were 0.08 mg/L and 135.60 mg/L, and the highest concentrations
were 2.08 mg/L and 1764.84 mg/L, respectively. In the solution with solid ore sample 3,
the lowest concentrations of Li+ and K+ were 0 mg/L and 32.80 mg/L, and the highest
concentrations were 0.28 mg/L and 229.96 mg/L, respectively.

2⃝ In the three beakers with 10 degrees baumé as a solvent (Figure 3b,e), in the so-
lution with sample 1 as the solid ore sample, the lowest concentrations of Li+ and K+

were 0.08 mg/L and 107.84 mg/L and the highest concentrations were 0.60 mg/L and
461.00 mg/L, respectively. In the solution with solid ore sample 2, the lowest concentra-
tions of Li+ and K+ were 0.16 mg/L and 208.00 mg/L, and the highest concentrations
were 2.68 mg/L and 2413.04 mg/L, respectively. In the solution with solid ore sample 3,
the lowest concentrations of Li+ and K+ were 0 mg/L and 73.60 mg/L, and the highest
concentrations were 0.36 mg/L and 296.32 mg/L, respectively.
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Table 3. Li+ and K+ concentrations of the dissolved solution in nine beakers during the ore dissolu-
tion experiment.

Element (µg/g)

Reaction Time (h)
6 30 54 78 102 126 150 174 246 534 558 630 726 894 1158

(Sample 1 +
deionized water) Li+ 0.24 0.12 0.24 0.32 0.32 0.36 0.40 0.44 0.48 0.64 0.60 0.68 0.72 0.88 1.12

(Sample 1 +
deionized water) K+ 288.52 227.76 313.80 410.52 435.60 500.24 525.72 575.20 667.96 813.68 710.84 764.28 803.28 891.76 1090.76

(Sample 1 +
10 degrees baumé) Li+ 0.08 0.04 0.16 0.12 0.16 0.24 0.20 0.24 0.24 0.32 0.36 0.40 0.48 0.48 0.60

(Sample 1 +
10 degrees baumé) K+ 107.84 119.52 178.60 186.36 214.16 248.32 251.08 277.96 296.24 362.96 364.68 385.20 413.16 421.88 461.00

(Sample 1 +
20 degrees baumé) Li+ 0.04 0.08 0.20 0.12 0.20 0.24 0.28 0.28 0.28 0.44 0.48 0.52 0.56 0.64 0.76

(Sample 1 +
20 degrees baumé) K+ 688.36 739.52 809.16 823.60 856.92 878.76 571.52 895.52 960.04 1017.48 983.16 1004.48 1069.96 1123.28 1217.24

(Sample 2 +
deionized water) Li+ 0.08 0.12 0.24 0.24 0.40 0.68 0.52 0.64 1.00 1.52 1.60 1.64 1.72 1.92 2.08

(Sample 2 +
deionized water) K+ 135.60 216.92 405.44 445.12 650.40 900.68 844.48 957.36 1248.20 1547.68 1515.36 1510.04 1518.32 1682.52 1764.84

(Sample 2 +
10 degrees baumé) Li+ 0.16 0.20 0.40 0.32 0.52 0.68 0.64 0.68 1.08 1.52 1.52 1.60 1.68 2.00 2.68

(Sample 2 +
10 degrees baumé) K+ 208.00 310.04 565.16 543.24 771.56 916.84 957.60 1039.84 1324.76 1601.92 1537.20 1557.28 1564.48 1856.76 2413.04

(Sample 2 +
20 degrees baumé) Li+ 0.16 0.24 0.56 0.52 0.60 0.68 0.72 0.84 0.68 1.48 1.56 1.64 1.64 2.00 2.12

(Sample 2 +
20 degrees baumé) K+ 792.08 961.08 1294.32 1251.56 1429.88 1534.20 1582.00 1646.44 1173.44 2236.44 2151.96 2166.64 2130.48 2498.96 2593.60

(Sample 3 +
deionized water) Li+ 0 0 0.04 0.08 0.08 0.12 0.12 0.12 0.12 0.16 0.24 0.24 0.24 0.28 0.28

(Sample 3 +
deionized water) K+ 32.80 77.44 105.16 129.04 148.04 164.48 175.68 189.36 196.88 212.12 218.96 210.32 219.52 227.56 229.96

(Sample 3 +
10 degrees baumé) Li+ 0 0.04 0.08 0.12 0.16 0.20 0.20 0.16 0.20 0.24 0.28 0.24 0.28 0.36 0.36

(Sample 3 +
10 degrees baumé) K+ 73.60 108.36 158.52 187.16 204.52 230.20 222.68 235.80 244.16 248.32 255.96 263.00 262.88 288.44 296.32

(Sample 3 +
20 degrees baumé) Li+ 0.08 0.12 0.16 0.20 0.28 0.28 0.28 0.28 0.28 0.28 0.32 0.28 0.32 0.36 0.44

(Sample 2 +
10 degrees baumé) K+ 721.64 756.68 803.84 835.88 854.36 881.80 873.36 894.00 915.76 878.76 765.76 859.20 856.36 859.56 1117.00

Minerals 2024, 14, x FOR PEER REVIEW 5 of 12 
 

 

(Sample 2 +  
deionized water) K+ 

135.60 216.92 405.44 445.12 650.40 900.68 844.48 957.36 1248.20 1547.68 1515.36 1510.04 1518.32 1682.52 1764.84 

(Sample 2 +  
10 degrees baumé) Li+ 

0.16 0.20 0.40 0.32 0.52 0.68 0.64 0.68 1.08 1.52 1.52 1.60 1.68 2.00 2.68 

(Sample 2 +  
10 degrees baumé) K+ 

208.00 310.04 565.16 543.24 771.56 916.84 957.60 1039.84 1324.76 1601.92 1537.20 1557.28 1564.48 1856.76 2413.04 

(Sample 2 +  
20 degrees baumé) Li+ 

0.16 0.24 0.56 0.52 0.60 0.68 0.72 0.84 0.68 1.48 1.56 1.64 1.64 2.00 2.12 

(Sample 2 +  
20 degrees baumé) K+ 

792.08 961.08 1294.32 1251.56 1429.88 1534.20 1582.00 1646.44 1173.44 2236.44 2151.96 2166.64 2130.48 2498.96 2593.60 

(Sample 3 +  
deionized water) Li+ 

0 0 0.04 0.08 0.08 0.12 0.12 0.12 0.12 0.16 0.24 0.24 0.24 0.28 0.28 

(Sample 3 +  
deionized water) K+ 

32.80 77.44 105.16 129.04 148.04 164.48 175.68 189.36 196.88 212.12 218.96 210.32 219.52 227.56 229.96 

(Sample 3 +  
10 degrees baumé) Li+ 

0 0.04 0.08 0.12 0.16 0.20 0.20 0.16 0.20 0.24 0.28 0.24 0.28 0.36 0.36 

(Sample 3 +  
10 degrees baumé) K+ 

73.60 108.36 158.52 187.16 204.52 230.20 222.68 235.80 244.16 248.32 255.96 263.00 262.88 288.44 296.32 

(Sample 3 +  
20 degrees baumé) Li+ 

0.08 0.12 0.16 0.20 0.28 0.28 0.28 0.28 0.28 0.28 0.32 0.28 0.32 0.36 0.44 

(Sample 2 +  
10 degrees baumé) K+ 

721.64 756.68 803.84 835.88 854.36 881.80 873.36 894.00 915.76 878.76 765.76 859.20 856.36 859.56 1117.00 

 
Figure 3. Line plot of Li+ and K+ concentrations in the leachate. ((a). Change of Li+ concentration in 
the solution of three solid samples soaked in deionized water; (b). The change of Li+ concentration 
in the solution of three solid samples soaked in a solution of 10 degrees baumé; (c). The change of 
Li+ concentration in the solution of three solid samples soaked in a solution of 20 degrees baumé; 
(d). Change of K+ concentration in the solution of three solid samples soaked in deionized water; 
(e). The change of K+ concentration in the solution of three solid samples soaked in a solution of 10 
degrees baumé; (f). The change of K+ concentration in the solution of three solid samples soaked in 
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Figure 3. Line plot of Li+ and K+ concentrations in the leachate. ((a). Change of Li+ concentration in
the solution of three solid samples soaked in deionized water; (b). The change of Li+ concentration
in the solution of three solid samples soaked in a solution of 10 degrees baumé; (c). The change of
Li+ concentration in the solution of three solid samples soaked in a solution of 20 degrees baumé;
(d). Change of K+ concentration in the solution of three solid samples soaked in deionized water;
(e). The change of K+ concentration in the solution of three solid samples soaked in a solution of
10 degrees baumé; (f). The change of K+ concentration in the solution of three solid samples soaked
in a solution of 20 degrees baumé).
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3⃝ In the three beakers with 20 degrees baumé as a solvent (Figure 3c,f), in the solution
with sample 1 as the solid ore sample, the lowest concentrations of Li+ and K+ were 0 mg/L
and 645.92 mg/L and the highest concentrations were 0.76 mg/L and 1217.24 mg/L, re-
spectively. In the solution with solid ore sample 2, the lowest concentrations of Li+ and
K+ were 0.12 mg/L and 792.08 mg/L, and the highest concentrations were 2.12 mg/L and
2593.60 mg/L, respectively. In the solution with solid ore sample 3, the lowest concentra-
tions of Li+ and K+ were 0.08 mg/L and 721.64 mg/L, and the highest concentrations were
0.44 mg/L and 1117.00 mg/L, respectively.

(4) After the ore dissolution experiment, the remaining solid samples from the nine
beakers were analyzed using X-ray diffraction. The X-ray diffraction results for halite,
halogenite, gypsum, hemihydrate gypsum, chlorite, albite, quartz, kaolinite, and illite are
listed in Table 4.

Table 4. X-ray powder crystal diffraction results of the remaining solid samples in nine beakers after
the dissolution experiment /%.

The Name of The Sample ID Halite Polyhalite Gypsum Hemihydrate
Gypsum Chlorite Albite Quartz Kaolinite Illite

Sample 1 + deionized water 57% 6% 5% 8% 6% 8% 10%
Sample 1 + 10 degrees baumé 66% 5% 12% 4% 13%
Sample 1 + 20 degrees baumé 61% 6% 8% 4% 10% 12%
Sample 2 + deionized water 4% 10% 4% 23% 22% 10% 27%

Sample 2 + 10 degrees baumé 4% 10% 4% 35% 5% 11% 30%
Sample 2 + 20 degrees baumé 11% 8% 4% 24% 15% 10% 29%
Sample 3 + deionized water 91% 6% 3%

Sample 3 + 10 degrees baumé 91% 7% 2%
Sample 3 + 20 degrees baumé 94% 6%

(5) After the ore-dissolution experiment, the remaining solid samples from the nine
beakers were dissolved in water and the total solution. The water-soluble solvent was
deionized water, the total soluble solvent was concentrated in nitric and hydrofluoric acids,
and the composition of the dissolved liquid was analyzed. The results are summarized in
Table 5.

Table 5. Li+ and K+ contents of the remaining solid ore samples in aqueous solution and total karst
lysis in nine beakers after ore dissolution experiment.

The Name of The Sample ID

Element (µg/g) Water-Soluble Total Solution
Li+ K+ Li+ K+

Sample 1 + deionized water 0.70 361.20 5.00 2928.00
Sample 1 + 10 degrees baumé 0.70 247.50 5.00 2965.00
Sample 1 + 20 degrees baumé 0.70 342.10 3.00 2529.00
Sample 2 + deionized water 2.00 809.10 21.00 15,100.00

Sample 2 + 10 degrees baumé 2.10 999.00 19.00 14,477.00
Sample 2 + 20 degrees baumé 2.20 1237.90 14.00 12,666.00
Sample 3 + deionized water 0.10 107.10 *** 364.00

Sample 3 + 10 degrees baumé 0.10 96.30 *** 401.00
Sample 3 + 20 degrees baumé 0.10 167.60 *** 453.00

(Note: “***” indicates that the ion concentration is too low, resulting in ICP-OES cannot measure accurate data).

5. Discussion
5.1. Comparison of Sample Properties before and after Dissolution
5.1.1. Chemical Analysis

Results of chemical analyses before and after ore dissolution were compared. The
Li+ content in sample 3 was extremely low after the complete ore dissolution experiment
and, therefore, could not be measured. Moreover, in the salt pan, none of the minerals in
the mineral layer dissolved; therefore, we roughly calculated the dissolution rate of Li+ in
different solvents for each sample based on the actual situation and in water.
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Let us compare the results obtained before and after ore dissolution for sample 1. In
deionized water, the concentration of Li+ decreased from 1.40 µg/g to 0.70 µg/g. It can
be inferred that the dissolution rate of Li+ was approximately 50% during the entire ore
dissolution process. K+ decreased from 1516.60 µg/g to 361.20 µg/g, indicating that the
dissolution rate of K+ was approximately 76%. Li+ decreased from 1.40 µg/g to 0.70 µg/g
under 10 degrees baumé, indicating a dissolution rate of approximately 50% throughout the
ore dissolution process. K+ decreased from 1516.60 µg/g to 247.50 µg/g, for a dissolution
rate of approximately 84%. Li+ decreased from 1.40 µg/g to 0.70 µg/g under 20 degrees
baumé. These results suggest that the dissolution rate of Li+ was approximately 50%
throughout the ore dissolution process. K+ decreased from 1516.60 µg/g to 342.10 µg/g,
indicating that the dissolution rate of K+ was approximately 77%.

For sample 2 in deionized water, the concentration of Li+ decreased from 3.20 µg/g to
2.00 µg/g, indicating that the dissolution rate of Li+ was approximately 38%. K+ decreased
from 2080.10 µg/g to 809.10 µg/g, and the dissolution rate of K+ was approximately
61%. Li+ decreased from 3.20 µg/g to 2.10 µg/g under 10 degrees baumé, suggesting
that the dissolution rate of Li+ was approximately 34% during the entire ore dissolution
process. The concentration of K+ decreased from 2080.10 µg/g to 999.00 µg/g, consistent
with a dissolution rate of K+ of approximately 52%. Li+ decreased from 3.20 µg/g to
2.20 µg/g under 20 degrees baumé. It can be inferred that the dissolution rate of Li+

was approximately 31% during the entire ore dissolution process. K+ decreased from
2080.10 µg/g to 1237.90 µg/g, indicating that the dissolution rate was approximately 40%.

For sample 3 in deionized water, the concentration of Li+ decreased from 0.40 µg/g to
0.10 µg/g, indicating that the dissolution rate was approximately 75%. K+ decreased from
371.20 µg/g to 107.10 µg/g, indicating that the dissolution rate was approximately 71%.
Li+ decreased from 0.40 µg/g to 0.10 µg/g under 10 degrees baumé, suggesting that the
dissolution rate of Li+ was approximately 75% throughout the ore dissolution process. The
K+ concentration decreased from 371.20 µg/g to 96.30 µg/g, indicating that the dissolution
rate was approximately 74%. Li+ decreased from 0.40 µg/g to 0.10 µg/g under 20 degrees
baumé, indicating that the dissolution rate of Li+ was approximately 75% throughout the
ore dissolution process. The K+ concentration decreased from 371.20 µg/g to 167.60 µg/g,
indicating that the dissolution rate was approximately 55%.

5.1.2. Comparison of X-ray Diffraction Patterns

After soaking each solid sample in a different solution, the mineral composition of the
remaining solid samples changed slightly.

In sample 1, after soaking in deionized water, the halite content was reduced by
approximately 20%, polyhalite disappeared, gypsum was reduced by approximately 5%,
the quartz content increased by approximately 4%, and new minerals, such as hemihydrate
gypsum, albite, and illite, were generated, whereas the kaolinite content did not change.
Under 10 degrees baumé, the halite content was reduced by approximately 11%, polyhalite
and kaolinite disappeared, the gypsum content was reduced by approximately 5%, the
quartz content increased by approximately 2%, and illite was newly detected. Under
20 degrees baumé 20, the content of halite decreased by approximately 16%, polyhalite and
kaolinite disappeared, gypsum decreased by approximately 5%, albite and illite were newly
detected, the quartz content decreased by approximately 2%, and the kaolinite content
decreased by approximately 2%.

In sample 2, after soaking in deionized water, the halite content was reduced by ap-
proximately 5%, polyhalite and gypsum disappeared, hemihydrous gypsum was newly
detected, chlorite increased by approximately 2%, albite increased by approximately 9%,
quartz increased by approximately 17%, kaolinite increased by approximately 5%, and
illite increased by approximately 11%. Under 10 degrees baumé, the halite content was
reduced by approximately 5%, polyhalite and gypsum disappeared, hemihydrous gyp-
sum formed, chlorite rose by approximately 2%, albite rose by approximately 21%, quartz
decreased by approximately 1%, kaolinite rose by approximately 6%, and illite increased
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by approximately 14%. Under 20 degrees baumé, the halite content increased by approxi-
mately 2%, polyhalite and gypsum disappeared, hemihydrous gypsum formed, chlorite
increased by approximately 2%, albitite increased by approximately 10%, quartz increased
by approximately 9%, kaolinite increased by approximately 5%, and illite increased by
approximately 13%.

In sample 3, after soaking in deionized water, the halite content was reduced by ap-
proximately 3%, gypsum did not change, and quartz was formed. Under 10 degrees baumé,
the halite content decreased by approximately 3%, gypsum increased by approximately
1%, and quartz formed. Under 20 degrees baumé, the contents of various minerals in the
sample did not change.

After the ore dissolution experiment, the remaining solid samples in the nine beakers
were dried in an oven at 100 ◦C and ground into a powder with a particle size of 200 mesh.
This process may have resulted in hydrous gypsum formation [41,42], explaining the
formation of hemihydrous gypsum in samples 1 and 2.

5.2. Comparison of the Effects of Different Solvents

Three different solvents were evaluated, deionized water, 10 degrees baumé, and
20 degrees baumé, and their effects on ore dissolution were different.

(1) For sample 1 (Figure 4a), water was clearly the most effective solvent better be-
cause water can destroy the structure of the ore layer and allow the lithium in the solid
sample to quickly transfer to the solution. Therefore, water had advantages with respect to
ore dissolution.
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(2) For sample 2 (Figure 4b), ore dissolution was highly similar under the three
different solvents. However, after 894 h, the Li+ concentration under 10 degrees baumé
was significantly higher than those of the other two solutions.

(3) When the solid ore sample was sample 3 (Figure 4c), the dissolution of Li+ decreased
in the following order: 20 degrees baumé, 10 degrees baumé, and water. Improving the
salinity of the solvent and configuring the sodium salt solvent not only better protects the
structure of the mineral layer but also helps to obtain better original brine ore and provides
higher quality brine for salt pan production.

5.3. Comparison of Dissolution Properties of Different Ore Samples

Dissolution patterns clearly differed among solid ore samples (i.e., samples 1, 2, and 3)
in the same solvent.

(1) When the solvent was deionized water (Figure 3a), ore dissolution decreased in this
order: sample 2, 1, and 3. However, before 78 h, the ore dissolution effect of sample 2 was
worse than that of sample 1, which may be explained by the finer particle size of sample
2 in the early stage and the longer reaction time required for full contact with deionized
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water. After 78 h, the minerals in sample 2 were in full contact with the deionized water
and provided an increasing amount of Li+ (Table 3).

(2) Using 10 degrees baumé (Figure 3b), the ore dissolution effect, from good to bad,
was as follows: sample 2, 1, and 3.

(3) Using 20 degrees baumé (Figure 3c), the ore dissolution effect, from good to bad,
was as follows: sample 2, 1, and 3. However, before 54 h, the ore dissolution effect of
sample 3 was generally better than that of sample 1. When the experiment was conducted
for 630 h, the dissolved Li+ concentration in sample 2 under 20 degrees baumé reached
saturation (Table 3).

5.4. Comparison Comparative Analysis

According to a comprehensive analysis of the above experimental results, it can be
concluded that fresh water can destroy the structure of the ore layer; therefore, it has some
advantages as an ore-dissolving solvent. During the formation of most clay-type lithium
deposits, independent lithium minerals are not formed because the concentration of Li+

in the solution is low. Li+ exists mostly in the form of fluid inclusions in easily soluble
salt minerals (such as carnallite and halite), whereas the remaining Li+ exists in the form
of adsorption or isomorphism in relatively insoluble minerals. These include carbonates,
sulfate minerals, and silicate minerals [43,44]. According to the results of water dissolution,
total solution decomposition, and X-ray diffraction analyses, sample 2 contained a large
amount of potassium salt minerals, and sample 3 had a lower potassium salt mineral
content than sample 2; therefore, sample 2 had the best ore dissolution effect. However,
in practice, the porosity and water supply in the pure clay layer are very low, the lack
of water permeability makes it an effective water barrier, and it is difficult for solvents
to enter the clay layer, resulting in poor ore dissolution. The silty sand and clay in the
halite intercrystalline and interlayer in the halite potassium mine are in contact with the
solvent, and a large amount of adsorbed Li+ can be transformed into brine to a certain
extent. Therefore, the actual ore-dissolving effect may be attributed to halite potassium ore
containing silt and clay.

The results for the three different solvents showed that the concentration of Li+ in
the dissolution solution of sample 2 was significantly higher than those of the other two
samples (Figure 4). This is because sample 2 is actually a salt-bearing clay, and its potassium
salt mineral content (mainly polyhalite as a result of powder diffraction) was significantly
higher than those of samples 1 and 3; therefore, the dissolution and conversion efficiency
may be slightly lower, but the potassium and lithium contents in the dissolution solution
are the highest.

We found that a certain concentration of solvent was conducive to the dissolution of
Li+ and K+, and sample 2 had the best ore dissolution effect. As shown in Figure 3, the
time required for the Li+ concentration to reach saturation was longer than that for K+

because the lithium in the clay requires a longer reaction time to replace the solid-to-liquid
phase. Therefore, in actual scenarios, the production plan can be adjusted according to
the relationship between potassium and lithium during the dissolution time so that the
lithium in the original brine can be enriched, thereby improving production efficiency and
productivity.

6. Conclusions

(1) In the Mahai mining area, Li+ mainly exists in easily soluble salt minerals, and the
clay layer contains a large amount of potassium salt minerals, and an appropriate solvent
concentration promotes the dissolution of Li+ and K+.

(2) The time required for Li+ saturation is longer than that required for K+ saturation;
therefore, the dissolution time can be appropriately extended in the production process of
the mining area to dissolve more Li+.

(3) The solid–liquid conversion aqueous solution mining method can partially replace
the clay lithium associated with salt rock with brine, which is a potential lithium resource.
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